Microcephalic primordial dwarfism (MPD) is a group of autosomal recessive inherited single-gene disorders with intrauterine and postnatal global growth failure. Seckel syndrome is the most common form of the MPD. Ten genes are known with Seckel syndrome. Using genome-wide SNP genotyping and homozygosity mapping we mapped a Seckel syndrome gene to chromosomal region 4q28.1-q28.3 in a Turkish family. Direct sequencing of PLK4 (polo-like kinase 4) revealed a homozygous splicing acceptor site transition (c.31-3 A4G) that results in a premature translation termination (p.[ = ,Asp11Profs*14]) causing deletion of all known functional domains of the protein. PLK4 is a master regulator of centriole biogenesis and its deficiency has recently been associated with Seckel syndrome. However, the role of PLK4 in genomic stability and the DNA damage response is unclear. Evaluation of the PLK4-Seckel fibroblasts obtained from patient revealed the expected impaired centriole biogenesis, disrupted mitotic morphology, G 2 /M delay, and extended cell doubling time. Analysis of the PLK4-Seckel cells indicated that PLK4 is also essential for genomic stability and DNA damage response. These findings provide mechanistic insight into the pathogenesis of the severe growth failure associated with PLK4-deficiency.
INTRODUCTION
Organismal growth is determined mainly by cell number which is under the control of extracellular and intracellular signals that regulate the homeostasis between cell proliferation and death. 1 Recent studies proposed microcephalic primordial dwarfism (MPD) as a model disease to understand the molecular mechanism of growth. 2 MPD is a group of rare single-gene disease with severe growth failure encompassing Seckel syndrome (OMIM:210600), 3 microcephalic osteodysplastic primordial dwarfism types I or III (OMIM:210710), microcephalic osteodysplastic primordial dwarfism II (OMIM:210720), 4, 5 and Meier-Gorlin syndrome (OMIM:224690). 6 Seckel syndrome is an autosomal recessive disorder characterized by intellectual disability, severe prenatal and proportionate postnatal growth failure, microcephaly with a 'bird-headed' profile with receding forehead, large and beaked nose, micrognathia, large eyes and a narrow face. Commonly associated skeletal anomalies are dislocation of the head of the radius and fifth finger clinodactyly. Additional phenotypic features such as delayed bone age, eleven pairs of ribs, strabismus, microphthalmia, optic nerve hypoplasia, high-arched palate, enamel hypoplasia, and hypodontia or oligodontia have been reported. 3, [7] [8] [9] Seckel syndrome is a genetically heterogeneous condition and a total of ten genes including ATR, 10 RBBP8 (CtlP), 11 CEP152 (ref. 7) , CENPJ (CPAP), 12 CEP63 (ref. 13) , DNA2 (ref. 14) , ATRIP, 15 Ninein (NIN), 16 PLK4 (Polo-like kinase 4) 8, 9 and CDK5RAP2 (ref. 17) have hitherto been found to be associated with it. Functional evaluation of these genes to identify the cellular pathogenesis underlying Seckel syndrome showed that these genes have critical roles in fundamental cellular processes including centriole biogenesis and centrosome related functions (CEP152, CENPJ, CEP63, NIN and CDK5RAP2), and maintenance of genomic stability (ATR, RBBP8, ATRIP and DNA2). It is suggested that deficiency of these genes can disrupt the homeostasis toward cell proliferation leading to reduced global body mass as seen in MPD. 7, 10, 18 In this study, we present the identification of a homozygous PLK4 splice site variant in a consanguineous Turkish family leading to Seckel syndrome. PLK4 was recently associated with Seckel syndrome and abnormalities of cell cycle progression. 8, 9 We analyzed the fibroblasts obtained from a PLK4-Seckel patient and show that PLK4 has a critical role in genomic stability, in addition to its well-characterized function in centriole biogenesis and cell cycle progression.
MATERIALS AND METHODS Patients
In this study, seven individuals of a Turkish family, of which two were affected with Seckel syndrome were evaluated (Figure 1 ). Genomic DNA was extracted using standard protocols from peripheral blood of the affected individuals and other available family members. A skin biopsy was obtained from the affected individual VIII:2. The study protocol was approved by the Ethics Committee of Karadeniz Technical University, Faculty of Medicine (approval number: 2013-/73). The study was conducted in accordance with the Declaration of Helsinki and written informed consent was obtained from the participants.
Genotyping and homozygosity mapping
Genome-wide SNP genotyping was carried out by using Illumina Cyto-SNP12 300 K BeadChip platform. To find out the homozygously inherited genomic segments co-segregating with disease in two patients, VIGENOS Plus (Visual Genome Studio Plus) program (Hemosoft, Ankara, Turkey) was used. Homozygosity was confirmed by subsequent microsatellite marker genotyping of all family members.
Mutation analysis
Upon evaluating the functions of the genes located in critical interval, a candidate gene was selected for mutation analyses. The entire exons and exonintron boundaries of PLK4 (NM_014264.4 and NG_041821.1) were amplified via PCR with primers that were designed by using Primer3 web software (Supplementary Table S1 ). PCR products were directly sequenced at ABI PRISM 3130 DNA analyzer (Applied Biosystems, Foster City, CA, USA). Screening of the identified sequence variations within the family and ancestrally matched control were carried out via amplification refractory mutation system with allele-specific primers (Supplementary Table S2 ).
Karyotyping and sister chromatid exchange analysis
Heparinized peripheral blood samples were obtained from patient VIII:2 and a sex and age matched control. Karyotyping and mitomycin-C (MMC)-induced sister chromatid exchange (SCE) analyses were performed as previously described. 7 
RT-PCR and qPCR analyses
The effects of identified splicing acceptor site variation on splicing of intron 1 were evaluated via RT-PCR. Total RNA was obtained from venous blood samples of patient VIII:2 and her parents and a control by using TRI Reagent (Sigma, St Louis, MO, USA). Synthesis of cDNA was performed with the FirstStrand cDNA Synthesis Kit (MBI Fermentas, Vilnius, Lithuania). Subsequently, amplification of cDNA was carried out with PLK4 specific primers designed for sequences corresponding to exons 1 and 3 (Supplementary Table S3 ). To evaluate the effect of variation on splicing of intron 1, amplicons were extracted from agarose gel and sequenced. Quantitation of wild-type PLK4 transcript in patient's cDNA was determined with real-time PCR using wild type and mutant transcript specific primers. GAPDH was used as internal control (Supplementary Table S4 ).
Cell culture and DNA-damaging agents treatment
Primary fibroblast cell culture was established from skin biopsies obtained from patient VIII:2 and an age matched control in Dulbecco's modified Eagle medium (DMEM) supplemented with 5% fetal bovine serum (FBS), (Gibco, Grand Island, NY, USA 
Immunofluorescence detection
Fibroblasts were seeded on cover slips with about 50% confluence. Following overnight incubation, fixation and permeabilization were carried out with 4% paraformaldehyde in PBS for 10 min and 0.1% Triton X-100 in PBS for 5 min, respectively. Before and after permeabilization cover slips were rinsed five times with PBS. Blocking was carried out with 3% bovine serum albumin in PBS for 1 h. Appropriate primary and secondary antibodies diluted in blocking solution were used. Cover slips were rinsed five times with PBS after primary and secondary antibody incubations. As primary antibodies; anti-PLK4 (ab137398), anti-pericentrin (ab28144), anti-α-tubulin (ab15246), anti-γ-H2AX (phospho S139) (ab26350), anti-centrin-1 (ab11257) and anti-γ-tubulin (ab27074) (Abcam, Cambridge, UK) were used. Alexa flour 488 goat anti-rabbit IgG (ab96899), and goat anti-mouse IgG (ab150117) and Cy3 conjugated goat antirabbit IgG (ab6939) (Abcam) were used as secondary antibodies. Slides were counterstained with DABCO mounting media with DAPI (Life Technologies, Eugene, OR, USA). Samples were analyzed with fluorescence microscope (Nikon eclipse E800, Tokyo, Japan).
Protein isolation and western blotting
Cells were lysed with ice cold RIPA lysis buffer (Santa Cruz, Dallas, TX, USA) supplemented with protease and phosphatase inhibitors (Sigma-Aldrich). Protein concentration was determined by BCA Protein Assay Kit (ThermoFisher Scientific, Rockford, IL, USA) and 25 μg of protein from each samples were loaded on SDS polyacrylamide gel. After SDS-gel electrophoresis, proteins were transferred to PVDF membrane (Bio-Rad, Hercules, CA, USA). As blocking reagent 5% BSA in PBS was used. Primary and secondary antibodies were applied according to manufacturer's instructions. Membranes were rinsed five times with PBS with 0.05% Tween 20 after primary and secondary antibodies incubations. As primary antibodies; anti-PLK4 (ab137398), anti-α-tubulin (ab15246), anti-Chk1 (ab47574), anti-Chk1-pS345 (ab58567), antiChk2 (ab8108), anti-Chk2-pT68 (ab38461), anti-γ-H2AX (phospho S139) (ab26350) (Abcam) and anti-p53 (#9282) (Cell Signaling, Beverly, MA, USA) were used along with following horseradish peroxidase conjugated goat anti-mouse IgG (Bio-Rad, 170-5047) and goat anti-rabbit IgG (Bio-Rad, 170-5045) secondary antibodies (Bio-Rad, Hercules, CA, USA). After the membrane was treated with ECL Plus Western blotting detection kit (Bio-Rad), proteins were visualized and analyzed by ChemiDoc MP Imaging System (Bio-Rad).
Cell cycle and doubling time analysis Doubling time experiments were repeated three times and averages and SD were calculated accordingly.
Tunel assay
PLK4-Seckel and healthy control fibroblast cells were seeded into T25 flasks and incubated overnight. The cells were treated with hydrogen peroxide (H 2 O 2 ) at 500 μM final concentration in DMEM for 6 h. Apoptotic cells were analyzed by using APO-BrdU TUNEL Assay Kit (Life Technologies). Tunel positive cells were analyzed by flow cytometer.
RESULTS

Clinical description
We evaluated a seven-generation Turkish family in which three cases (VII:1, VII:2 and VIII:2) were born with Seckel syndrome (Figure 1 ). According to the information obtained from family members during the interview the family pedigree was constructed. Case VII:1 died within a few months after birth and could not be included in the study. Patient VIII:2 was admitted to the medical genetic department because of microcephaly and growth retardation when she was 45 days old (Figures 1a and b) . She was born to consanguineous parents after an uneventful pregnancy at 37 weeks with normal spontaneous vaginal delivery. Her phenotypic features and radiological findings are shown in Table 1 
Homozygosity mapping and mutation analyses
Two affected individuals (VII:2 and VIII:2) and the parents of patient VIII:2 (VI:3 and VII:4) were genotyped using the Illumina Cyto-SNP12 300 K BeadChip platform. Haplotype analyses revealed only one homozygous segment that co-segregates with the disease on chromosome 4q28.1-q28.3 (Figure 1f ). Subsequently, microsatellite marker genotyping confirmed the co-segregation of critical region with disease ( Figure 1g ). PLK4 was selected as the most promising candidate gene from the critical interval because it was previously shown to be master regulator of centriole biogenesis. Moreover, PLK4 was reported to interact with CEP152 which was previously associated with Seckel syndrome. 19 Sequence analyses of PLK4 showed a novel homozygous c.31-3 A4G transition on conserved splice acceptor site of first intron of the gene (Figure 1h and Figure 2a) . The variation c.31-3 A4G was found to be fully segregated with the disease in the family (Figure 1i ) and was not seen in 350 ancestrally matched control and 1000 Genomes Project database. RT-PCR analyses showed that c.31-3 A4G substitution disrupts the splicing of the first intron and leads to transfer of 63 nucleotides from acceptor site of intron 1 to mature mRNA (r.[ = , 30_31ins31-63_31-4;31-3_31-1delinsgag]) and result in frameshift and subsequent premature translation termination p.[ = , Asp11Profs*14] (Figures 2b, c and e) . This novel PLK4 variation was submitted to the Leiden Open Variation Database (individual ID: 00081828). Quantitation of both PLK4 transcripts in patient's cDNA with Real-time PCR showed that only 8% of the transcripts are wild type and the rest was mutant (Figure 2d) . Consistent with transcript level, western blot analysis showed remarkable decrease of PLK4 in PLK4-Seckel cells (Figure 2f ). When subcellular localization of PLK4 was analyzed in PLK4-Seckel fibroblasts by immunofluorescence, obvious difference was not detected in terms of PLK4 levels and cellular localization compared to control cells (Figure 2g ).
Disrupted centriole biogenesis and mitotic morphology
The effect of the described PLK4 variant on centriole biogenesis was evaluated in prophase and prometaphase of asynchronously growing PLK4-Seckel and control fibroblasts by immunofluorescence staining of centrioles using centriole specific proteins γ-tubulin and centrin-1. According to immunofluorescence results while the number of cells with four centrioles was found to be decreased, the number of cells with two or three centriole significantly increased in PLK4-Seckel cells compared to control fibroblasts (Supplementary Figure 1a, b) . In order to determine the functional effect of PLK4 deficiency on mitotic morphology, asynchronously growing PLK4-Seckel fibroblasts were analyzed. Binuclear cells with one centrosome were occasionally observed in interphase of PLK4-Seckel cells (Figure 3e ). Frequent abnormalities in metaphase cells included monopolar spindle and improperly aligned chromosomes with irregular central spindle, whereas triple spindles were observed rarely (Figures 3f-i) . Cells in telophase showed delayed cleavage furrow with irregular spindle alignment ( Figure 3j ) and extended telophase bridge (Figures 3k  and l) . In total, 54% of PLK4-Seckel cells were found to have significant cell division abnormalities compared to normal cells (Figure 3m ).
Impaired cell cycle and doubling time of PLK4-Seckel fibroblast Cell cycle analyses of asynchronously growing PLK4-Seckel cells by flow cytometry showed accumulation in G2/M phases (Figure 3n,  Supplementary Figure S3) . Further evaluation of G2/M fraction by using mitotic marker pHH3 (Ser28) revealed accumulation of PLK4-Seckel cells particularly in G2 phase (Supplementary Figure S2) . On the other hand, induction of the PLK4-Seckel fibroblasts with 10 ng/ ml final concentration of MMC slightly increased the accumulation of cells in G2/M phases. However, when MMC concentration increased 10-fold PLK4-Seckel cells showed reduced accumulation in G2/M compared to control (Supplementary Figure S3) . The doubling time which was 25 h in normal cells, was found to be about 35 h in PLK4-Seckel fibroblasts (Figure 3o ).
DNA damage response and apoptosis in PLK4-Seckel fibroblasts Sister chromatid exchange frequencies were determined in MMC treated PLK4-Seckel lymphocytes and a significant increase of SCE was found in PLK4-Seckel lymphocytes compared to control lymphocytes cells (Figure 4a, Supplementary Figure S4) . The response of PLK4-Seckel cells to DNA damage was also analyzed and a remarkable accumulation of phosphorylated H2AX (γ-H2AX) was found after HU treatment compared to control (Figures 4b and c) . Moreover, phosphorylated forms of Chk1 and Chk2 along with steady state levels were found to be remarkably, especially Chk1, decreased in PLK4-Seckel cells compared to wild type cells and treatment of cells with MMC did not make an obvious difference (Figure 4e ). Phosphorylated forms of Chk1 and Chk2 in control cells increased in response to MMC, whereas in PLK4-Seckel cells they did not change ( Figure 4e ). As p53 is a well-known target of activated Chk1 and Chk2, MMC-induced p53 stability was analyzed and in contrast to control cells, it was not accumulated (Figure 4e ). In addition, an increased rate of apoptosis was seen in H 2 O 2 treated PLK4-Seckel fibroblasts (Figure 4d ).
DISCUSSION
In this study, genome-wide homozygosity mapping and subsequent mutation analyses revealed a homozygous hypomorphic variant (c.31-3 A4G) in the first intron of the PLK4 in a Turkish family with Seckel syndrome (Figures 1 and 2 ). This variant disrupts the splice acceptor site of the first intron in about 92% of transcript and leads to a frameshift and subsequent premature translation termination p.[ = , Asp11Profs*14]). The human PLK4 encodes five different splicing variants and all isoforms have an N-terminal kinase domain followed by three PEST domain and a cryptic polo box domain preceding the C-terminal polo-box domain. 20 All transcripts include intron one, the splicing of which is disrupted by the present variant. Loss of all functional domains of PLK4 as a result of p.Asp11Profs*14 in protein supports the pathologic nature of the described variant (Figure 2e ). Co-segregation of the variant with disease in the family and its absence in the dbSNP databases as well as in Turkish controls provides further evidence that supports its disease causing nature.
Plk4 (Sak), the mouse ortholog of human PLK4, was originally identified in mouse and its expression was shown to be required for cell proliferation. 21 PLK4 localizes to the centrioles throughout the cell cycle and was shown to be necessary for centriole duplication and progression of mitosis. 22, 23 Homozygous Plk4 knock-out mice die at E7.5 day of development with remarkably increased mitotic and apoptotic cells, whereas heterozygous mutant mice were reported to be phenotypically normal. 24 Recently, two PLK4 variants were associated with ten Seckel patients in four families. 8, 9 In these patients some ophthalmological anomalies (microcornea, cataract, microphthalmia, retinopathy and optic nerve hypoplasia) that have not been associated with Seckel syndrome previously were reported in more than one patient expanding the phenotype associated with Seckel syndrome (Table 1) . The patients we presented here have a characteristic Seckel syndrome phenotype. Ophthalmologic examination of patient VIII:2 was performed when she was 3 years old and her eye size, cornea and optic nerve and retina were found normal (Table 1) . Different ocular findings between previously described PLK4-Seckel patients and the patient we presented here can be explained with the type of the variant and the reflected amount of wild-type PLK4 product because of hypomorphic nature of variant. In animal cells, centrosomes have an important function in organizing the cytoskeleton and the mitotic spindles. 25 In dividing cells, each centriole duplicates once every cell cycle to conserve centriole number. Successful centriole duplication is indispensable for animal cell division and its failure promotes abnormal spindle formation and subsequent cell division errors that lead to chromosome missegregation and genomic instability. 26 As depletion of PLK4 was shown to cause inhibition of centriole biogenesis the most remarkable characteristic feature of PLK4-depleted cell was described as monopolar spindles with single centriole at the center. 23, 27, 28 Therefore, to determine whether the variant that we presented here disrupts centriole biogenesis and mitotic morphology, we analyzed PLK4-Seckel fibroblasts obtained from the patient. In agreement with Figure 1a, b) . 8 Moreover, improperly aligned chromosomes, uneven spindle assembly and subsequent disrupted mitotic morphology in about 50% of the cells were detected as the characteristic features of the PLK4-Seckel fibroblasts (Figures 3e-m) . In accordance with impaired spindle morphology, increased aneuploidy was seen in peripheral blood cells of a PLK4-Seckel patient suggesting impaired chromosome segregation (data not shown). For proper cell cycle progression spatial and temporal organization of mitotic spindles have an indispensable role. 29 As expected, PLK4-Seckel fibroblasts displayed an increase in the number of cells in G 2 /M (Figure 3n ). Disrupted centriole biogenesis causes mitotic delay followed by increase in apoptosis and cell doubling time. 30 On the other hand, heterozygous Plk4 murine embryonic fibroblasts were also shown to exhibit growth delay compared to wild type counterparts. 31 These reports raised the question whether cells obtained from patients proliferate slower than control cells. As expected, doubling time was found to be extended to 35 h in PLK4-Seckel fibroblast compared to 24 h seen in control cells (Figure 3o ). Prolonged cell cycle in mammals can cause decrease in progenitor cell proliferation rate. 32, 33 Therefore, extended doubling time can be considered as one of the critical mechanisms leading to global developmental failure that causes microcephaly and dwarfism in PLK4-Seckel patients.
In correlation with extended doubling time, accumulation of PLK4-Seckel cells in G2/M phase (Figure 3n, Supplementary Figure S3) , particularly in G2 phase (Supplementary Figure S2) showed the G2/M checkpoint activation and raised a question about the possible role of PLK4 in DNA damage response. Despite the well-known role of PLK4 in centriole biogenesis, its contribution to DNA damage response is inconclusive. However, previously described Seckel syndrome genes including ATR, CEP152, ATRIP, CtIP (RBBP8) and DNA2 were shown to contribute to DNA damage response and deficiency of these genes causes developmental failure. 7, 10, 11, 14, 34 In order to determine whether PLK4 has a role in DNA repair mechanism, we investigate the MMC-induced SCE frequency and observed a significantly increased SCE showing chromosome instability in PLK4-deficient lymphocytes (Figure 4a and Supplementary Figure S4) . Furthermore, considerably strong hydroxyurea-induced H2AX phosphorylation in PLK4-Seckel cells (Figures 4b and c) showed accumulated DNA breaks and subsequent increased activation of DNA damage response. 35 In response to DNA damage, downstream signal transducers of DNA damage response such as Chk1, Chk2 and p53 are activated and trigger the cell cycle arrest to provide time for DNA repair. 36 However, extended genotoxic stress in response to many types of DNA damage leads to proteasomal degradation of Chk1, although there are some conflicting results regarding to Chk2. 37, 38 In consistent with this, inhibition of Chk1 allows cell cycle progression into premature and abnormal mitosis with high levels of DNA damage followed by mitotic catastrophe. [39] [40] [41] Reduction of both basal and activated Chk1 and Chk2 in PLK4-Seckel cells (Figure 4e) , therefore, emphasize the involvement of PLK4 directly in DNA damage response or regulation of Chk1 and Chk2 basal turnover rates through modulating proteasomal degradation machinery. In accordance with decreased Chk1 and Chk2 levels, decreased accumulation of p53 in response to MMC treatment (Figure 4e ) also provide further evidence showing extended DNA damage response in PLK4-Seckel cells. On the other hand, reduced G2/M fraction and increased G1 in PLK4-Seckel cells compared to control after high concentration of MMC (Supplementary Figure S3) suggests mitotic catastrophe which might lead to slippage of mitosis and relative increase of G1 in the subsequent cell cycle following reduction of Chk1 and Chk2 levels. 42 In agreement with our result, Chk2 and its downstream target elements Cdc25C and p53 were shown to be substrates of Plk4. 20, 43, 44 Moreover, in mammals, in addition to prolonged cell cycle, genomic instability leads to apoptosis. 45 However, apoptosis was not reported by Martin et al. 8 this report, we have not detected increased apoptosis in untreated PLK4-Seckel fibroblasts as well. Interestingly, in our study, hydrogen peroxide treatment of PLK4-seckel cells increased cell death. Together with the results of enhanced SCE and activated H2AX, this obvious increase in apoptosis upon oxidative stress reflects increased sensitivity to genotoxic stress due to unrepaired DNA lesions in PLK4-Seckel cells (Figure 4d ). Taken together, these findings indicate that deficiency of PLK4 causes impaired DNA damage response. In summary, we describe a novel variant in the PLK4 gene that has recently been associated with Seckel syndrome. Our results show that PLK4 deficiency causes impaired centriole biogenesis, genomic instability and subsequent increased apoptosis correlated with expanded cell doubling time. Together these might lead to insufficient cell proliferation and explain the subsequent global growth failure.
